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Abstract 

ALICE is a general purpose experiment dedicated to the study of nucleus-nucleus collisions at LHC. After more than 3 years of 
successful operation, an upgrade of the apparatus during the second long shutdown of LHC (LS2) in 2017/18 is in preparation. 
One of the major goals of the proposed upgrade is to extend the physics reach for rare probes at low transverse momentum. The 
reconstruction of the rare probes requires a precise determination of the primary and secondary vertices that is performed in ALICE 
by the Inner Tracking System (ITS). The present ITS made of 6 layers of three technologies of silicon devices allows, for example, 
to reconstruct D mesons with the transverse momentum down to ~ 2 GeV/c. 

Further extension of this range towards lower pj requires the installation of the new ITS consisting of 7 layers of silicon detectors 
with significantly better single point resolution and reduced material budget. It is expected that the new system will allow to improve 
the impact parameter resolution by a factor of ~ 3. Moreover, the data rate capability of the upgraded ITS should be significantly 
improved in order to exploit the full expected LHC lead-lead interaction rate of 50 kHz, almost two orders of magnitude above the 
present readout rate. 

The present contribution describes first the requirements for the new ITS followed by the conceptual design of the system and its 
expected performance. Secondly, an overview of the diff'erent R&D activities from the concept towards the final detector is given. 
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1. Introduction 
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ALICE (A Large Ion Collider Experiment)! 1 1 is one of the 
four main LHC experiments. Its main purpose is to study the 
properties of the Quark-Gluon Plasma (QGP) created in the 
ultra-relativistic collisions of heavy ions. This study is per- 
formed via various probes emerging from the collisions. Rare 
probes like charmed and beauty mesons and baryons represent 
a powerful tool giving valuable information about the strong in- 
teractions inside the QGP. Suppression! 2 1 and elliptic flow![3l of 
the D mesons in Pb-Pb collisions has been measured by ALICE 
down to pt = 2 GeV/c. Reaching lower transverse momentum 
values seems to be precluded with the current setup, due to the 
large combinatorial background level. 

Reconstruction of the charmed mesons down to zero trans- 
verse momentum will allow to asses the degree of thermaliza- 
tion of charm quarks and even possible thermal production of 
charm. Thus, extending the limits of the open charm recon- 
struction down to zero pr became one of the major motivations 
for the future ALICE upgrade. Other probes that would be- 
come available with the upgraded detector are beauty mesons 
and baryons, quarkonia, low-mass dileptons and heavy nuclear 
states. 
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2. General ALICE upgrade 

The general ALICE upgrade strategy aiming to improve the 
physics reach of the experiment has been developed in 2011- 
2012. The performance gain will be achieved thanks to two 
important improvements. The first one is the increased lumi- 
nosity of the LHC in Pb-Pb collisions after the second Long 
Shutdown (LS2) reaching £ = 6x 10^^ cm~^s~^ and resulting 
in the minimum bias event rate of about 50kHz||4l. The sec- 
ond one is an upgrade of the main tracking detectors at central 
rapidity. The general ALICE upgrade strategy includes several 
projects: 

1 . Reduction of the beam pipe radius from the present value 
of rout = 29.8 mm down to 20 mm. This modification will 
allow to place the first tracking layer much closer to the 
interaction point (ri ^ 22 mm instead of 34 mm in the 
present setup); 

2. Installation of the new Inner Tracking System (ITS) fea- 
turing higher granularity and lower material budget; 

3. Upgrade of the Time Projection Chamber (TPOlSl con- 
sisting in the replacement of the wire chambers with GEM 
detectors and new pipelined electronics allowing for the 
high readout rate; 

4. Upgrade of the readout electronics of the Transition Radi- 
ation (TRD) and Time-Of-Flight (TOE) detectors. Photon 
(PHOS) and Muon spectrometers for the high readout rate; 

5. Upgrade of the forward trigger detectors: VO, TO and the 
Zero Degree Calorimeters (ZDCs); 
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6. Upgrade of the online systems and offline reconstruction 
and analysis framework. 

More details on the general ALICE upgrade strategy can be 
found in the Letter Of Intent ||6| endorsed by LHCC in Septem- 
ber 2012. 



3. ALICE ITS upgrade requirements 

The construction of the new ITS is an important part of the 
general ALICE upgrade. Indeed, the main purpose of the ITS is 
to improve the primary vertex position and reconstruct the de- 
cay vertices of heavy flavour particles. An improvement of the 
spatial resolution of the ITS by increasing the segmentation and 
decreasing the material budget will allow to extend the acces- 
sible transverse momentum range well below pr = 2 GeV/c. 
The new ITS will have to cope with the important event rates of 
50 kHz in Pb-Pb collisions and several hundreds of kHz in pp 
collisions. Such event rates will lead to a relatively high radia- 
tion load on the detector. According to recent simulations, the 
overall dose expected for the full physics program after LS2 for 
the innermost layer can reach up to 700 kRad and 10^^ rieq/cm^ 
including a safety factor of 4. 

4. Conceptual design and expected performance of the up- 
graded ITS 

The work on the conceptual design of the new ITS was 
started in 2011 by the investigation of possible technologies 
for the new detector. The following three technological options 
were initially considered. 

Hybrid pixel detectors represent a well-known technology 
with proven radiation hardness. Hybrid pixel detectors 
were used to equip the two innermost layers of the present 
ALICE ITS, as well as the tracking detectors of CMS and 
ATLAS experiments. However, this technology has some 
important limitations. First, the pixel pitch is limited to 
about 50yum by the bump bonding process and second the 
cost of the flip-chip bonding does not allow to equip a large 
surface with this type of detectors. 

CMOS pixel detectors is a novel approach to the silicon parti- 
cle detectors. CMOS process allows to integrate the sens- 
ing volume and the readout electronics in a single sili- 
con die. Such an integration gives a possibility to reduce 
significantly the pixel pitch to about 20yum. Moreover, 
by the thinning of the chip to ~ 50yum one can substan- 
tially reduce the silicon contribution to the overall ma- 
terial budget. The radiation hardness of CMOS sensors 
was limiting their application in high energy physics ex- 
periments. Nevertheless, recent developments in CMOS 
technology allowed to significantly improve the tolerance 
both to the ionizing and non-ionizing radiations. Presently 
the STARfTi coUaboration is installing PXL| 8 1 - the first 
tracking system based on CMOS sensors. It is equipped 
with 400 Ultimate\9\ sensors produced in the AMS 0.35 
[im process that can withstand the combined radiation dose 
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Figure 1 : Pointing resolution to the vertex for charged pions as a function of pr 
for the current ITS and the upgraded ITS. 



of 150 kRad and 3 x 10^^ neq/crrf- at an operation temper- 
ature of 30 °C. 



Micro-strip detectors represent another well-known and 
widely used technology. An important added value of this 
technology is the possibility of the particle identification 
(PID) via the specific ionizing energy-loss dE/dx in the 
silicon. The limitations of micro- strip detectors are the 
limited spatial resolution along the beam axis and the low 
granularity. The low granularity makes them usable only 
in the low track density conditions i.e. in the outermost 
layers of the ITS. 

After considering pros and cons of the available technologi- 
cal solutions a conceptual design of the new ITS was proposed. 
It includes 7 layers of pixel detectors. Optionally the 4 outer- 
most layers can be equipped with the silicon micro-strip detec- 
tors. The parameters of the proposed layout are summarized 
in [Table 1[ The intrinsic resolutions and material budget of 
the pixel layers correspond to what can be reached with the 
CMOS pixel sensors. The longitudinal extensions of the new 
layers were chosen to provide the pseudo-rapidity coverage of 
\t]\ < 1.22 over 90 % of the luminous region. The radial posi- 
tions of the layers were tuned to obtain the optimal combined 
performance in terms of the pointing resolution, /7r -resolution 
and tracking efficiency. The expected pointing resolution of the 



new layout is compared with that of the present ITS in Fig- 



ure 1| It is clear that the ITS upgrade can significantly improve 
the performance of the detector. For example, the pointing res- 
olution in r(p plane becomes 3 times better at 1 GeV/c, passing 
from about 60yum to ^ 20yum. 

The conceptual design of the new ITS was finalized by the 
end of August 2012. It was described in the corresponding 
reporti 10] that was reviewed by the LHCC in September 2012. 
Following this review, LHCC endorsed the ITS upgrade project 
and encouraged the ALICE collaboration to prepare the Tech- 
nical Design Report. 



Table 1: Parameters of the conceptual layout of the ITS upgrade. Numbers in parentheses correspond to the micro-strip detectors. 



Layer 


Type 


Radius [cm] 


Length [cm] 


Intrinsic resolution 
r(p Z 


[}im\ 


Material budget [% Xq] 


Beam pipe 


- 


2.0 


- 


- 


- 




0.22 


1 
2 
3 


Pixels 


2.2 
2.8 
3.6 


22.4 
24.2 
26.8 


4 
4 
4 


4 
4 
4 




0.3 
0.3 
0.3 



4 
5 
6 

7 



Pixels (Strips) 



20.0 
22.0 
41.0 
43.0 



78.0 
83.6 
142.4 
148.6 



4(20) 
4(20) 
4(20) 
4(20) 



4 (830) 
4 (830) 
4 (830) 
4 (830) 



0.3 (0.83) 
0.3 (0.83) 
0.3 (0.83) 
0.3 (0.83) 



5. R&D towards the final detector design 

A dedicated and intense research and development activity is 
being carried out now in order to evaluate the technical feasi- 
bility of the upgrade and to develop the final detector design. It 
covers various topics like the pixel chip development, mechani- 
cal layout design, cooling system and final detector integration. 

At present the selected technology for the pixel sensor is 
r6>w^r/azqjCIS process. 

5.7. Pixel chip development 

Following the laboratory and beam tests of the MIMOSA 32 
prototype chips in 2012| 11 1, the radiation hardness of the Tow- 
er Jazz 0.18 Jim imaging CMOS process has been validated up 
to the combined load of 1 MRad and 10^^ rieq/cm^ at 30 °C. 

Three groups are presently working in parallel on the design 
of the final pixel chip. The main challenge of this develop- 
ment is to satisfy simultaneously the stringent requirements in 
terms of the spatial resolution, readout speed and power con- 
sumption. The PICSEL group of IPHC (Strasbourg) is working 
on the baseline chip called MISTRAL. It will be based on the 
rolling shutter readout with column level discriminators pro- 
viding the full integration time of 30 jis. The expected power 
density is about 400 mW/crn^. Additionally, the PICSEL group 
works on a more advanced chip called ASTRAL. The latter will 
have in-pixel discriminators that will allow to reduce the inte- 
gration time to 15 jis and the power density to 350 mW/crri^. 
More details on these developments can be found in Ref. lfT2l . 
Two other groups from RAL (UK) and CERN are working on 
the further optimization of the architecture in order to reduce 
the integration time and power consumption of the chip. In the 
approach being developed in RAL the pixel matrix will be di- 
vided into several sub-arrays that will be read out in the parallel 
rolling shutter mode. An architecture proposed by the CERN 
group relies on the in-pixel discriminators and the readout us- 
ing the priority encoder technique. 

5.2. Mechanical design and cooling 

The mechanical layout of the new ITS has been divided in 2 
independent parts: Inner Barrel and Outer Barrel. Due to the 
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Figure 2: Composition of the stave. 



diff'erent mechanical constraints the design of the two barrels is 
being done separately. 

5.2.1. Inner barrel design 

The Inner Barrel will include the 3 innermost layers. Each 
layer is composed of the staves containing 9 pixel chips of the 
size of 15 X 30 mm^ and 50yum thick. The relevant dimensions 



and composition of the inner barrel are summarized in Table 2 



Figure 2 shows the preliminary composition of the stave. 



^ http : //www . j azzsemi . com/ 



Nine chips will be first flip-chip bonded to the aluminium- 
polyimide flex-cable with the BGA balls or via the laser sol- 
dering. Then the cable with the chips will be glued to the 
carbon fibre support which embeds the cooling circuit. Sev- 
eral solutions are under consideration for the cooling including 
polyimide tubes, polyimide micro-channels planes and silicon 
micro-channels planes. More details on the mechanical struc- 
ture design and the cooling options can be found in Ref.| 13|. 

The assembly scheme for the Inner Barrel is schematically 
shown on [Figure 3| First prototypes of the Inner Barrel and 
staves have been produced at CERN in 2012 proving the tech- 
nical feasibility of this design. 

5.2.2. Outer barrel design 

The design studies for the outer barrel are still in progress. 
This is mostly due to the pending choice between pixel and 
micro- strip detectors for the 4 outermost layers. This choice 
will define the mechanical constraints for the final layout. 
Presently the pixel option is being considered as the baseline 



Table 2: Mechanical design of the inner barrel. 



Layer Radius [mm] Stave length [mm] Staves Chips/stave Material budget [% Xq] 



1 


22 


2 


28 


3 


36 



270 



12 
16 
20 



0.3 
0.3 
0.3 




Figure 3: Assembly of the Inner Barrel. 
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Figure 4: Final integration of the detector. 

and the final decision will be taken in 2013. Several aspects 
will be taken into account: 

• Possible benefits of the PID provided by the micro-strip 
detectors for some specific physics analyses; 

• Technical feasibility of the large area (~ 10 m^) pixel lay- 
ers in terms of the power distribution, cooling and mechan- 
ical integration; 

• Overall cost of the two options. 

5.3. Final integration 

The final integration of the ITS is schematically shown on 



Figure 4[ The integration procedure is designed in the way to 
permit the installation and removal of the ITS without moving 
the TPC. This opens the possibility of the detector maintenance 
during the short winter shutdown of the LHC. 



6. Conclusions 

A new upgraded ITS is expected to significantly improve the 
physics performance of the ALICE detector in reconstruction of 
the rare probes at low transverse momentum. It will be reached 
by relying on CMOS pixel sensors that guarantee the high gran- 
ularity and low material budget. The radiation hardness of the 
Tower Jazz 0.18 fim CMOS process has been validated up to the 
level of 1 MRad and 10^^ neq/crn^ at 30 °C. Presently an intense 
R&D for the final pixel chip is in progress. 

First mechanical and cooling prototypes showed encourag- 
ing results in terms of the material budget and heat removing 
properties, proving the feasibility of the low mass ITS with the 
material budget of ~ 0.3 %Xo per layer. 
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